The growth of the crystal surface of an intercalated metal-organic framework (iMOF) electrode material, 2,6-naphtalnene dicarboxylate dilithium, which forms an organic-inorganic layered structure, was controlled by selecting the solvent species during synthesis. The crystals synthesized under an aqueous solution exhibited a small reversible capacity because the crystal plane in the horizontal direction relative to the layered structure, grew dominantly and exhibited poor lithium intercalation kinetics. In contrast, the crystals synthesized under methanol exhibited a large reversible capacity because the crystal planes in the vertical direction relative to the layered structure were dominant and exhibited favorable lithium intercalation kinetics.
Introduction
We have prepared a novel intercalated metal-organic framework (iMOF) electrode material, 2,6-naphthalene dicarboxylate dilithium (2,6-Naph(COOLi) 2 ), which operates in the potential range of 0.5-1.0 V (vs. Li/Li + ), as a next-generation negative electrode material for advanced lithium-ion batteries. Further, we investigated its crystal structure and basic electrochemical behavior. 1 As a negative electrode material, this iMOF material exhibits an operating potential of 0.8 V between those of graphitic carbon, operating at 0.1 V, and Li 4 Ti 5 O 12 , operating at 1.55 V; these materials are currently used as negative electrode materials in lithium-ion batteries. Given the risks of an internal short circuit because of lithium metal deposition in the case of graphitic carbon electrodes and cell-voltage reduction in the case of high-operating-potential Li 4 Ti 5 O 12 electrodes, this iMOF material possibly represents an advantageous battery design. In addition, because Al can be used as a current collector for this iMOF negative electrode material, whose operating potential is more positive than the potential of the Li-Al alloy reaction (0.4 V), it can potentially be used as a negative electrode material in high-voltage bipolar batteries using only Al current collector. 2 As shown in Fig. 1 , this material has an organic-inorganic layered crystal structure composed of O-stacked naphthalene packing layers and tetrahedral LiO 4 network units, respectively. 3 The 2,6-Naph(COOLi) 2 electrode exhibits a reversible two-electrontransfer Li intercalation reaction (220 mAh g ¹1 ) at a flat potential of 0.8 V and maintains its framework structure, exhibiting remarkably small volume strain (0.33%) during Li intercalation. 2 Furthermore, the proposed material exhibits improved regularity of O-stacked packing via self-organization induced by heat treatment under inert atmosphere; this improved packing led to an improvement of reversible capacity as well as to a reduction of internal resistance. 4 Although similar electrode materials have been extensively reported by other groups, [5] [6] [7] little consideration has been given to the detailed understanding of the relationship between electrochemistry and crystal structure to the MOF based electrode materials. In this work, we further investigate the Li intercalation characteristics in each crystal plane of the 2,6-Naph(COOLi) 2 and discuss the improvement of its electrochemical properties via control of its crystal growth. 
Experiment
2,6-Naph(COOLi) 2 was synthesized using lithium hydroxide monohydrate (LiOH·H 2 O) and 2,6-naphthalenedicarboxylic acid as starting materials under reflux conditions in methanol solution, as previously reported. 2 For comparison, 2,6-Naph(COOLi) 2 was also synthesized under aqueous conditions via the same procedure used for synthesis under methanol. XRD patterns of the respective 2,6-Naph(COOLi) 2 samples were obtained using a Rigaku RINT-TTR diffractometer equipped with a Cu-KA radiation source operated at 50 kV and 300 mA; the samples were scanned over the range 10°¯2ª CuKA¯5 0°in reflection mode. Lattice parameters of these samples were calculated using the WinPLOTR Software. 8 Scanning electron microscopy (SEM) images of the respective 2,6-Naph(COOLi) 2 samples were obtained using a VHX-D510 (KEYENCE, Japan) operated at 1.2 kV. The electrochemical properties of Li/2,6-Naph(COOLi) 2 cells were examined using coin-type cells having diameter of 16 mm assembled in an argonfilled glove box. The electrodes were prepared by coating a dispersion containing 2,6-Naph(COOLi) 2 (66.7 wt%), carbon black (11.1 wt%), vapor-grown carbon fibers (11.1 wt%), and polyvinylidene fluoride (11.1 wt%) in N-methyl-2-pyrrolidone onto Al foil. Typically, ca. 2 mg cm ¹2 of the active material was used per cell. A solution of 1 mol dm ¹3 LiPF 6 dissolved in a mixed solution of ethylene carbonate, dimethyl carbonate, and ethyl methyl carbonate (30:40:30 volume ratio, respectively) was used as the electrolyte. Galvanostatic charge-discharge tests of Li/2,6-Naph(COOLi) 2 cells were conducted at 25°C between 0.5 and 2.0 V at a rate that corresponds to fully charging the theoretical capacity of the 2,6-Naph(COOLi) 2 every 10 h for 10 cycles. solutions. Peaks appeared at the same 2ª positions in both the XRD patterns, which were in good agreement with the 2ª positions of the peaks in previously reported XRD patterns. 2, 4 The lattice parameters of these samples obtained from the results of XRD patterns were also almost equal (Table 1 ). In contrast, the peak intensities differed. Compared to the XRD pattern of the sample synthesized under methanol solvent, that of the sample synthesized under aqueous solvent showed high-intensity peaks at 17.5°and 44.6°; these peaks correspond to the (200) and (500) reflections, respectively, and their intensities reflect the regularity of the organic-inorganic layered crystal structure, as shown in Fig. 2(c) . The difference in peak intensity between the patterns of powders synthesized under aqueous [ Fig. 2(a) ] and methanol [ Fig. 2(b) ] solutions has been suggested to reflect a specific orientation of the pellet-like crystal particles in the organic crystalline material. 9 In the XRD pattern of organic crystal samples measured by the reflection method, because only the specific crystal plane on the sample with a specific structure, such as plate-like crystals, is the preferred orientation, the specific peak intensity of the crystal plane increases. Therefore, the results of this study indicate that the regularity of the organicinorganic layered crystal structure increased in the sample synthesized under aqueous solution.
Results and Discussion
SEM observations were performed to confirm the difference in the peak intensities in the XRD patterns of the respective samples (Fig. 3) . The samples synthesized under aqueous solution formed plate-like crystals of approximately 5-10 µm in thickness and 100 µm in diameter [ Fig. 3(a) ]. These crystals exhibit the same shape as the previously described crystals that were synthesized (200) and (500) planes in the 2,6-Naph(COOLi) 2 crystal structure. Electrochemistry, 83(10), 861-863 (2015) under aqueous solution. 10 In contrast, samples synthesized under methanol solution formed needle-like crystals of approximately 10 µm in length [ Fig. 3(b) ]. On the basis of the XRD patterns and SEM observations, the increase in the peak intensities of XRD patterns corresponding to the organic-inorganic layered structure is attributable to the preferred orientation of the plate-like crystals synthesized under aqueous solution. Because the peak intensity of (h00) reflections corresponding to the organic-inorganic layered structure increased, the plate-like crystal surface of the sample synthesized under aqueous solution is considered to correspond to the b-c plane, as shown in Fig. 1(c) .
The charge-discharge characteristics of Li/2,6-Naph(COOLi) 2 cells containing each material fabricated under the same conditions were examined (Fig. 4) . The Li/2,6-Naph(COOLi) 2 cell containing 2,6-Naph(COOLi) 2 synthesized under aqueous solution exhibited a very small reversible capacity (less than 50 mAh g ¹1 ), with large polarization of the charge-discharge curves, as shown in Fig. 4(a) . In contrast, the Li/2,6-Naph(COOLi) 2 synthesized under methanol exhibited a reversible capacity of 220 mAh g
¹1
, which corresponds to a two-electron-transfer reaction, with small polarization of the charge-discharge curves, as shown in Fig. 4(b) . This difference in reversible capacity appears to be attributable to a difference in kinetic Li-intercalation characteristics resulting from differences in the crystal size and crystal growth surface rather than the lattice parameters of the respective synthesized samples. The sample synthesized under aqueous solution exhibited a crystal structure dominated by the b-c plane, as shown in the inset of Fig. 4(a) , and exhibited a significantly small reversible capacity. In contrast, the sample synthesized under methanol conditions exhibited a smaller b-c-plane proportion, as shown in the inset of Fig. 4(b) , and exhibited a large reversible capacity. On the basis of the previous discussion, the vertical direction against the organic-inorganic layered structure, i.e., the a-b [ Fig. 1(a) ] and a-c [ Fig. 1(b) ] planes of the 2,6-Naph(COOLi) 2 crystal, exhibit a kinetically fast intercalation of Li + ions, and the horizontal direction against the layered structure, i.e., the b-c plane [ Fig. 1(c) ], exhibits a kinetically slow intercalation of Li + ions.
Conclusion
In this study, we investigated the relationship between the crystal growth conditions and electrochemical properties of iMOF, 2,6-Naph(COOLi) 2 , negative electrodes for advanced lithium-ion batteries. The sample synthesized under methanol solution consisted of needle-like crystals ca. 10 µm in length. These crystals exhibited a relatively small b-c-plane proportion ratio, which corresponds to the orientation of the organic-inorganic layered structure. In contrast, the sample synthesized under aqueous solution consisted of platelike crystals ca. 5-10 µm in thickness and 100 µm in length. These crystals exhibited a relatively large b-c plane proportion ratio. On the basis of the relationship between the crystal structure and electrochemical properties, the crystal plane of 2,6-Naph(COOLi) 2 was significantly involved in Li intercalation; the vertical direction relative the layered structure of 2,6-Naph(COOLi) 2 , i.e., the a-b and the a-c planes, exhibit kinetically fast Li intercalation; however, the horizontal direction relative to the layered structure, i.e., the b-c plane, exhibits kinetically slow Li intercalation. Thus, the iMOF organic crystalline electrode material was observed to be an excellent Li-intercalation electrode material with a high reversible capacity when the growth of the crystal plane involved in Li intercalation was controlled. Electrochemistry, 83(10), 861-863 (2015) 
